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Ahbstract—This paper is converned witli @ new parallel thinning elgorithm for teee dimensional digitat images
thal preserves the opology and munluine their shape, We introduce an approach el sebecting shape paints and
cuter-layer ased for erosion during each iteration. The approach produces good skeleton for different types of
crmmers, The concepd of usiug twa image remsions in thianine is intnxdoced aod its neesssity in parallel thinming
is justified, The eohusmess of the alporitbun uoder pseudn-random noize as well as rolation with respecr to chane
properiies i3 studied and the results are found w be satistaciory.
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1. INTRODUCTION

This paper is concerned with a new parallel thinning
algotithm for three-dimensional (313} digital images thar
preserves the topology snd madnlains cheir shape. 30
digital images are obtained by Cornputer Tomography
(T, Magnetic Kesonance Imoging (MRI), Canfocal
Microscopy  (ChD),  Ultrasound  Echography  (UE),
Laser range Imaaing (LRI} cte. The objective of 30
thinning is o produce a medial surface representation
(somelimes a medial arc representation) thal preserves
the topology and maintains the shape of the object as
much us possible.

Thinning is # powerful tool having spplicution polen-
Hals in # wide variety of problems. It makes 8 compact
represenlalion ol he ohjecrs that may be used for furher
processing, Thinning may he considered as a technique
of data comapression wherebt the thinned represeniylion
and the thinning steps are stored, and the otgingl image
can be rewovered by an inverse process, Thinning ¢an be
uscd in structural pattern matching and recognition pro-
bleyns, I 1s gasy 1 segiment struchwral features from the
thinned wversiom of the object. The presence of thesc
fralures ol paniicular relative positions is nscd for object
recognition. These leatures may alse be wsed to segmenl
the ohject inte meaningful parts. For cxample, Saba and
Chandhun'™™ propased an efficient method to decumpuse
an ohject from its thinned version,

(e long tom gowl i3 o Amd oan efTicient aod
robust algorithm for object recognition and description
througls thinping, Lo thess ks il s imporlal o preserve
the shape of the ohject in its thinned version. (therwise,
the lealures may not be proper represenlatives of the

ohjecl

* AnthoT to 'ﬁ'hn.n.{-:n'rr:spund.cm::l: should be addressed.
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Although thinning iz an important waol for 30 image
processing " only a fow publications™ ' ure available
in the licerature, Based on preservation of the Buler
characteristic, Lobregt er al™ propesed an algorithm
for detecting simple points that may be applied w 30
thinning. Lnfortunasely, thelr algorithm fails in some
siluakions as pointed our in reference (99, Morgenthaler'®
described a parallel thinning algorithm based on his
nobon ol Fend™ points which is different from the visible
end points of curves or houndary points of surfaces,
Bused on path eunneclivity, Srihare of al " deseribed 4
sequental boundary removal algorichm for 3D thinning,
Tsao and Fu'™ proposed a parallel 30 chinning alge-
rithm based on the notion of surface connectivity, Haf-
ford and Preston' extended e concept of sub-fields™ ™
in 30 and developedd a parallel thinning algorithm for
tewradecahedral lesselladun. Mukherjee ez of' extended
the 21> thinning slgorithm SPTAY™ 1o develop a 3D
thiming #lgorthn, Tn reference (13), Ma snggested
sufficient condidons of 30 parallel redoction operator
that preserves topology for (26, 6), (18, &), (A, 26) and
{6, LAY 30 digital images. In reforencs (5), Ma estab-
lished the topological soundness of early results on
parallel reducton vperator™  usiog the notion of
minimal noa-simple sef, Many interesting properties of
minimal non-simple s are alsn discussed.

All these papers stress on the preservations of topology
in the thinnad version. However, for shape prescrvalion it
is necessary but not sufficient Lo preserve only the
topalugy of the object “Shape™ of an object is difficult
to quantity. Gestalt psycho-physiologists propusid o
large number of qualitative mles'™™ o capture the notion
of shape and form. Aupeave™" deinumstrated that pro-
minent information dhoat object shape is concentrated at
the houndary, especially at the comey of the object, Ti s
also argued that shape is a property that 15 iovaciant umder
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translation, rolation and scaling, However, a quantitalive
fownmadation of shape is vt e come.

In this paper we present a new parallel thinning
dlgorithm for 3D objects so that s shape 75 mainiained
as tauch as possible. Since corner is an impertant shape
aftribyte, belavier of this thinning algorithm around
different types of corners is also studiwd, The notions
of shape points and open points are inisoduced, and it is
caplained how these points are uselul in global shape
preservaron. Robustness of the thinning algorithm under
pacudo-random contonr nuise and rolation 13 studicd and
the results are presented,

A rigarous smady on the delecion of 30 simple points
is presented in our previous publications, ™ However,
the characterization ol simeple poinl wlong wich other
delinitions and nolslion: are preschted in Section 2 for
completeness and convenicnes of the readees. Theoreti-
cul wspecly of the proposed thinning appreoach that pro-
duces s surface epresentation of 3D objects is described
in Seelion 3. At the end of chis section we prowide «
schematic deseription of the approach that prodices an
are representation of an object from its surelace repre-
sentation, The parallel thinning algorichm is deseribued
and the caperimental cosults are presented In Seclion A,
The rebustness of the proposed algorithm under psendo-
Tamlem contowr noise as woll as rotation sith respect. 1o
shape properties is studied and the results e deseribed in
Scction 5.

3. GENERAL DEFTHITIONS AN SIMPLE PO
CHARACTERIZATION

A 3D digital image is defined in 2 3D array ol
latice points represented by integer valoed triples of
Cartesian co ordinates [x, v Let pr — {05 amd
Pz =[xz, ¥2.52) be two poines. The following definitions
of adjaceney relations™Y are used in this paper

Loy, pooare 26-gdiocent i max{|x —xa', v — w2
B o

o, proare [S-adjecent if m;u;{ X=Xz, |y — vl
|z == b=l oumd oz —x + om =y = [ -
P

Lopn poowre S-adiecent I P — v — vl
I- -
| Z_'i.l o

If p- is oo adjaccat 1o gy, whera o O [6, 18, 26], then p) s
alse called an ce-reighbor of p-.

Tl § be g nom-cmpty st of poines, An o-path botsccn
two points @, g in S means a sequence of distiner points
P=pPnP ... P — § IO 8 such that gy is c-adjacent oo
Piprs 057 = . An ce-path s an o-closed park if py is a-
adjacent 10 gy, Two poins g, g o 8 are a-conaeeted in §iF
thare exists an ce-path from g 1o g i 5 An -component
of 5 is a maximal subser of ¥ where each pair of points is
evenmmecied. Tal p=ixy, v, 5] be o polm. The
co-ordinate plane through pois the set of all points
v el " are inlegers. The vz oumd zr co-onlinaie
plancs theough g are defined similarly.

Tn the following discussions, A7) is used o denote
the sel of 27 points in the 3 = 3« 3 neighbochowd of p,

P SAHA et al

Momenclature of the points of 47(p} is shown in Fig. 1.
The st of points 47 {p]  {p} s denoted s 47 (p]. Wa
classify the points of 4™ {p} according to their adjacency
relarions with proas [ollows:

s-poaind: An s-point i Gadjacent to .

E-Rr: An e-point is 1¥-adjacenl bul nol G-
aifjrecnt e p.

V-g A A vepaint is Zb-adjacent bal onoi 18-

adjacent to p.

Example. In Fig. 1, the poants gy, pe o P P fry are
sfepoings ol o; the poinls pry, Prs. Pres Bros P P
POE- P Maes v Prss oy 4T @-podnts of p while the
POIACS fryer . Pywus Pse- PTsvs PENE. Panws Pases Proy 2re
v-prints ol g,

Too 5-poings o, & V) are called gppesize iF they are
not 2M-adjazent. (Hherwase, they am culled nom-oppesite
S=Pernis.

Fxample. TnFig, 1. the points gy, gy are opposile =-poinks
while [Re POIREE foe Pr Al NOR-OpO8ite s-Jrinls,

Let e, b.e denote thre non-opposite 5 points of 7).
Then we define the [ollowing two funchons:

® i@, bt =g g <A (p) and Sadjucent o q, b,
o vig b oopt —ggc 47p G-adjacent o
ala b g, el eopl, ele

amid

Exemple, IC @, b, ¢ denote the points g, po pe in A7
then according e the shove definitions efa, &0 and
v, b,0.p) wre demoted by the points pyy and oy,
respectively, It may be noted that e, &, 20 13 an e-poinl
while wier, b o, ol ds 4 v point of .47 ().

W define three muore Tenctions ay Lollows;

s fila,pl = glof 4 (p) und G-adjacent to a,

o fila,bpl=ggt.4p) and G-adjacent 1o [ e pl,
el bopl,

® Slabopl -
ik ..

gl A Ty and G-adjacent to 2 {w b pl,

Ergmple. Lot p = (53,5, 5) be a point while & = (4,5, 5]
and b= {34,531 be rwo non opposite s-points of p
According 1o ubuve definitfions the point (3, 3, 3) repre-
sents fi{a.p! while the poins (3.4, 5) and (3,3, 5)
represent fiia. bopl and fila, b, p) espeetively.

Let e, o1, {8, ¢, (o, F denotz three distiner unordered
pairs of opposite y-points of A 7(p). Let condition O be
PrE b e f1 condition . be oo {Boeo F)
and  x, v arc  non-opposite™;  condition  CF be
Cro{be ot oand 3 & {pypy, e conditon C
be “zovc{be ol x v are non-opposite  and
¥ e {pe,propw " and condition €, be “x O [Be,
e.f 1 %y are noo-opposite and ¥, ¥ € {pe.pe P
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Fig. 1. Mamenclamwre of the peints in the 3 = 3 = 3 acighborhood of a point p. Clock-wise from wop-lett

COrner

We define a middle plane and an extended middle plane
ol A7) as Tollows:

ey = x| O U {elx v C2 8
& dlayd - A (e dp) R e}
d iy Gt U A p| Ca]

We call & (a,d, p) and &4 (e, 4, p) 25 middle plane and
extended middle plane of A47(p), respectively.

Example. Considoring a point p = (5,5, 5) and two of its
opposie s-points o = (4,5, 3% and d = (6,3, 5) we have
the middle plane .&a d,pv={(3,5.4: (5 56)
{5.4,3), [3.6.5% (54,45, (5.4.6), [5,6,4), (3,6,60)
and the exended middle plane &.#ia, d, p] = {(5,5,4),
i3,5.6), {3,4.5). {3.6.3}, {5.4.4}, {3,4.6], {3.6.4],
(5.6,6), (3,5.3), (3,3,3), {5,4,3], {5.6,3), (3,3,4).
{5,3.06), (5.3,3)]. b may be noted thao &7 d,p)
countaing eight points while &.48(a.d,p) contains 13
points.

¥e aluo defing a socface of (Oip) ag follows;

stace(w, pt = {a} L ela, x| O L vl x, v, | Ca T

Faemple, Coneidering 2 — (3.5,5) and ane ity s-poant
a = [4,5,5) we have surfacele, p) — {(4.5,5), (+.4,5),
(4,8, 30, (45,41 (4,5,6), (44,40 (£4,6), (4,64
(4.6 611 I may be noted thal surface{a, p) conlains
exactly nine polms.

Tn thiz paper, we consider 26-adjacency for hlack
prints and f-adjacency Lor while poinls. A 26-component

neighbeghoo] copresenlation, Pack womics) plaps. widdle vartical plane, amd foont venieal plane,

of black points is a black component and a f-component
of white points is a white component. A simple char-
acterlzation of {26, 6) siple paints s established in owr
previous publications.** " According to that character-
ization & peint pois a (26, 6 simple point if and only if ic
satisfies the following four conditions:

1. p has ol least one black 26-neighbor,

2. p has at least one white G-neighbor,

3 The sel of hlack 26-ncighbors of 15 20 connocted.

4. The sct of white G-neighbors of pis 6-conoected nthe
st of while | S-nwighbors of g

In Section 3 we presenl the propoged new approach Lo
3B thinning algorithim. Frome mowe onwand "simple
point” will reter to (26, ) simple point’ unless stated
oLl se.

A THE THINMNING APPROGALCH

Wo imikaully vcemsider ihinning ss un approsch of
producing a medial surface represenlalion of g 373 digial
objecl that preserves the wpology and mantaing the
shape ol the ohject as moch as possible. To may be
necessary i some applications oo produce a medial
gre. teprescnlation of an objeck, We call this trans.
formation process as arc-thinning and consider it s
the cad of this section. The propesed thinhing approdach
producing o medial surface representation is an iterative
erowion prowess dhal consisls of two sieps numely pri-
mary-thinning and fnak-thinning. The results of these
atepy are called primeuy skeleton and final skeleton,
respectively
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O thinning approzch expledts the infurmation from
owd versivns ol animmsge implicitly stored Ihroughout the
thinning procedure. One image version denotes the
blackfwhite configuration before the current fleration
while the oiher denoles the current stage of the progessod
image. Here it1s worthy 1o mention that simple points aoe
always delecled on the current version of the: imuge while
the shape preserving constraints are mostly defined on
the image verdon bofors cach cwrrent ileration, This idea
ia quite difTerent from other tesearchers who used only
one versing of image for thianing. ™' In this context it is
worthy 1o mention that only one images is physically
ftored throwghout the chinning algorithm. aflthough we
refer to two image versions. Twi image versions are
mealiced [fom one physical image by the way of iner-
preting the values of bnage points which will be more
elesr from the subsequent discussion. At the beginning o
the: wilgornthm when we read an image, cvery white poind
is assigned a laree negative numbern say —maxint and
euch black point is assigned “0", Al the beginning of
excoution all black points are unmarked, As the erosion
conlinues. some of the Back ponls are deleted and some
are marked. Onee a point is markesd 1t is never deleted in
subsequent steps of etosion during primary-thinning.
Each iteration is denoted by an itcration mumber i A
threshold value thr 35 fefined dwing ith iteration as
fiol lorevs:

thr —  maxinl | f.

T during #th iteration a point is found deletshle then it is
axsigmied the valoe the Thus. a point heving valuc greater
than or equal to thr is Black hetore the ileration, Other-
wise, the point is white before he dleralion. A point with
negstive value is currently white, while a point with non-
negalive vidue is cucrently Dlack. In this way, two image
versions are realized from single physical image. A point
wilh zero value is an unmarkes] Byck peinl. A poine is
marked by assigning the Heration numaber 7, Thus, a point
with non-zero positive value is o marked point

A this point it should be made clear that in this paper
“iteration”™ amd “scan’” are two completely different
concepts. A& "soan” iy oy meersal of the entire imagpe
through the thinning algorithm. On the other hand, an
“Herallon' is completed alier comsidering the entive
oufer-fayver of an object through proper 1opology and
shape comsizdnls, An iteeation may consisl of e or
miore seang. In case an iteration consists of more than one
scan, the aperatfon in cach scan is penerally differend,

1o an iterative erosion method of thinning, a 30 ohject
is considered as an onion that eonsists of @ Amite number
of layers. Al cach itoration we remove poinls rom the
outer-most layer in a lopology and shape preserving
menner. We call an culer-masl lyver as ourer-laver,
Ourer-layer plays animportant role in determining global
shape of skeletons, expocially, ground the corners. Un-
fortunately, previous papers™ ' did not make any
extensive: slody on how the euter-layer could be defined
to preserve the vormerity in the skeletons.

Before we descrihe our thinning procedurs let ws
present some delinitions and conditions in chis context

K, SAHA of al.

In the lollewing definitions and conditions {a, ). (&, e
and () denele three distiner unardered pairs of oppo-
site s-poins of A7(p) unless stated otherwise,

Definition 1. During 4n fteration a black point p is an
S-open podnl il at least one s-point of ) is white
hefore 1he lermion.

Pefiniticn 1, Dring an iteration a black point p is an
e-npen point if p is nor an s-open poinl aod an e-point
ela, i pl 1s white while the poinis £ (.00, A8 p) are
black hefore the iteration.

Definition 3. During an iteralion o black point p is a
v-apin potnt i s neicher an v-open poine nor an e-ojxen
potnl and a v-point via. b, ¢, @) is white while the points
Dt ph A5bopl, Ale. ) are Bluck before the iteration.

The: set of s-oaen, e-open and v-open peints define the
wuiyT-layer in an teration. R is understood from the above
defimtions thar the labeling of points as s-open, ¢ open
and v-open points is made once belere cavh iteracon. In
the definiion of e-open points, the cxtra condition
“filg,pi Alb.p) are black™ iy used to include the poin
mutked as "¢ in Fig. 2 as an e-open point and at the
sume tme to exclude the poinls murked as %7 in Fig. 3
from e-open poins. IT the points marked as “x™ are
inclunded noe-open points 1o, considered for erosion in

SER
g 5

l;

=
=
5
2 HEEAS
2 5
2 2
S
cREEEREREEREEREE

Fig. 2. Demonatration of e-open points. The point marked as
“e™ s an e-npen poiot, Here, potols marked s 57 are eopen,
punLs.
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Fig. 3. 'The points marked wy =" are excluded [mon e-open
points o preserve the sharpmess of the comer. Here, peints
o] s x e s open poins,

the particular itention then the sharpoess of the cormer 15
lost in the next iteration. Singilarly, the extm condition
“hroa,pl Albpl flie,p ae black™ s vsed in fhe
definition of v-open poinés to preserve the champnoss @l
the comer whero (he throe swfaces mecl.

Conlitionr 1. Dming an iteradon o point posatisfics
Condition 1 if there cxist two opposite  s-point
a,d & .A(p) such that £ (a2, . p) contains a 6 clesed
path of white points encircling p and each of swfacela, pi
and surface(d, p) contains at least one black point before
the iteration.

A G-closed path of &4 (a, 4, p) encircles p if it con-
tains two points of && (a0 {prope.pel. It s
WOITlLY to mention that in this paper a path or a closcd
path is a sequence of distinet points {see Section 2). It
may ilso be noted that g 9-path ol while poinls cncircling
p defines & nonet™ " o the background. In the
abeve conliion for arc-like shape, the constraint that
“&.& a4, p) contains o G-path of white poinis encir
eling p” charmeterizes sn are-lke shape through poas
shivwt in Tige 4. T TR, < the ransparent vieeels deline a
G-closed path of white points in £.47 (2. 4, p) encircling p.
The comsliginl thal smrlace(o. p) conling gl least one
black point characterizes that the arc-like shape has at
least one point above &84 (g, 4.t Similarly, the con-
strainl that surfocedd, pi comains at least one Black point
characterizes that the arc-like shape has alleast one point
below £.41a, d, p). Thus the second part of the condition

1443

i
i
Rl
g
it L
iy B
S ST
!
di:
H
b
fri
iy L
HHEL
b b

Fig. <. Nemgnaration oF arc-like shape. Trunsparent vowes!s
define @ & closed path of shite points in &6 (o, . 00 See ot
[ur details,

that “'surface(q, p! and swface(d, p) contains at least ene
hlack point™ ensures that the arc-like shape through o
must be at least three poinis elongated. In other sonds,
sinfle prant spakes or dents are never detecied as are-Tike
shaps,

Condition 2, During an dteralion o poinl po satishes
Condifion 2 il there gnisg o pait of oppogile s-poinis
ta,el) such that d < {pg. pg. pw }, ais white, d ot fi {d, p)
i white and cach of the wers {e{a, b,p). b, e(b.d,p)}.
{efee,pl. o eledpll, {ele,ep). e eidepi}

Teienfop), £ oeldfoe)h Iviabepl. ekl
vibood, pit, {via b fpl elbfpl. vibdFop T
[vig e epl, eleepl viedepll. {vaef.pl

ele, fopl, vid e S pi}b contains st lews! one ack puinl
belore the iteraton.,

Tn the above condidon for surface like shape, the
consitainl thal “a 1s white, & or fi{d, p} 15 while”™
charactenizes thal p is g pant of one or two points thick
surlgee-like shape as shown in Tig, 3a), To exclude o
single point protrusiony or dents [Torm surface-like shape
il is cosursd tuat the surface-like shape through p [shown
in Fie, 5(b1] has o minimum sizc of 3 3 points (in-
cluding p}. In other words, the projection of black points
of A7(p) dong the & d dircction croates 3 3 points,
Aguin, thix is cosured by the constraint that each of the
cighe sols mendoned m Concdition 2) contains at loast
ome black point. Tt may be noied thal although 3 = 3
medns pite poin s we need only eight sols (each set
contrbutes one point in the projecion) beeause pois
alwywy black, Thus, the second pard of the conditon,
for surlace-like shape is vsed (0 cxclode single point
rH T,

Drefirdtiom 4. Thuring an iterulion & hlack paint is y shape
point it it satisties Condition 1 or 2.

Thus, # shape point is either an arc-like shape or a
sutface-Tike shape. Timay a]so be poled that shape peints
arc labeled once before each ileration,
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Fig. 5. Demunstration of surtfase-1ke shape., See lexl for details.

Condition 3, Thirdng an itcration a poid poosulisfes
Conditions 3 if cach middle plane #(w, 4,50 of 4 (p)
el thyl—eithor all e-points In #w. 4, p) we black
betore the iteration or the current hlack points of
Ao d. p) gencrate single 26-compenenl without any
mmmne],

The: black points of the middle plane & (a2, d,p) zen
erale u tunmel I and enly if all the v-points of L 47(p)
belomging 1o .z, d,p) are currently black,

Definizion 5. During an iteration g Junstion is defined on
the blackiwhite configuration belore the iteradon as
Tollows:

thick{a, d, g} —
1 it e fiief. @) are white while b, e, o are black.
0 olherwise,

Tt the above definition b, o, o are black™ means that p
has al leas) three black non-opposite s-poinds. Tnoother
words phas ne taro opposite s-points &, e such thal bath b
arl e yre wlite before the iteration.

Conelition 4, A poinl p sadsfies Condition 4 i
thick{e, d, pt, where f £ {pg, ps. pe], s tme and ghe
current black points of cach of &0k, e, ) and & e F p;
penerale single 20-component without any tunnel.

Copdifion 3. A poinl g suisfics Condition 5 0
thick(e. d, ), thickih, e, ph, where o, ¢ {re. ws el
are tmc and the current black points of L&, p)
generate single 20-component withoul any tunnel,

Condition ¢, A point p sadsfies Condidon 6 if
thickier, d. p), thick(b, e ph and thickic, f,p). whens
d,e.f S g, pa. ok, dne tue

Plefinition O, During an iteration a Wack poinl is an
erodable poimt iF A0 is 8 simple polot and sadsfies any
of the Conditions 4, 5 or &,

Ad. Primarv-thinning

As mentioned curlicr primary-thinning is an iLeradve
procedute and iterutions are contimued as long a5 any
ot is defeled o othe last iteration. Tach ilerylion i
completed in three successive scans. During the [irs) scan
the set of winnarked s-opon peints is nsed for erosiun. An
znmarked v-mpen point #s marked if it is a shape poinl.
When it is nol a shupe polnr, iv is defeted if it is a simpls
point, etherwise i is left vnmarked. During the secoml
scan the sel of ymmarked copen points is usel for
erogion. 7§ may be observed from Delinitions 2 and 4
that an e-pen point can never be a shape point and henee
is never murked, However, an undesited siinglion may
occur as shown in Fig, Gic) when all unmarked e-open
points sulislving rhe constraints of simple poins™ "™ g,
deleted. Ti iz worthy to iflustrate this situation, Let vs
consider y 3D objeet shown in Fig. 6(a). Doring the [rst
scan the set of sopen points are considared for erosion.
Some of the s-open poine are delered while othery ane
miarked s shape poines. The outpot afier the [rsl scan is
shoran in Tig, G(by, In Fig. G, some points are shown
darker. T1 iy intoresting o note that the dark poimls of
Fig. 6h) are e-open points which are to be considered for
erosion in the next sesn of the same fteration. [el us
consider thal the diveerion of scanning along x-a%is is
from west 1o eant. Tn ihyl cose the wost most e-open poinl
becomes a simple point and gets deleted. After the wesi-
mwkl e-apen pnd mels delersd the sccond west-minst
point. beeomes a sinple peint and pets deleted also, In
this way all ol the cast-most & oped point pels deleisl.
‘Lhis phenomenon creates un undesited drilling etfect as
shown in Fig, 6ic), It is interesting to nole that deletion of
e-upen poitls s above docs net change the wpalougy of
the 30 object. However, soch drilling effects can be
stopped if we impose 20 Lapologry preservation noall
co-ordinate planes (2t most three) passing through the
candida e e-open point snd containing at least one while
e-point hafore the iteraton. It may be noted that Con-
dition 3 bazically checks 210 wopolagy proscrvation in
cach co-ordinate plane passing through the candidate
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Fip. 6. Prohlem ol crocing all simpls e-open poinks. (a) Ongnal object. (h) Set ot points atoer the first sean.
The peints shown dark are g-cpen points. {£] Surfues-skelzton when all simple e-open poines ae eroded.
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Fig. 7. 1a) An outpaut of primary-ilinninge. The menaparcne points sustain as sufaoc-like shaps aeoss fuath-
wiest direcdon while the dark poinc sastain &R aneface-like shapo across the wp-bolom direction. (b)
Properly thityed mmput after gl dunming,

poiot and containing ane of ils white (helo: the Tleration)
g-points. Thus, in the second scan an unmarked e-open
point is deleted if it is a simple poim amd satishes
Condition 3. During the third scan the set of unmarked
v-open points 13 vsed for erosion. An wamarked w-open
pevinl 15 deleted il it is 4 simple point,

F2 Final-thinning

Frown the definition of shape poiol 3t may be under-
stood that a two-peint thick sianted suriace may ocourin
the primsry-skeleton. For example, a teo-point thick
slanted  surface shown in Fig. 7ia) may resull alter
primary thinning. The points showmn by ransparent vox
cls in Fig. Fa) are obiinad ws surfyce-like shape across

the fop bottom divcction while the points shiown by gark
wvioxels sustain as surface-like shape across the porth-
south direciion. Il may be noted thar wransparent points
are: (hick puants across the top-bettom dicection while the
Jar'k poinis are thick points across the north-south disec-
tienL. TTowever, il we delele all thick points satisfving the
constraint of simple point, undesired siteation may occur,
For example, (he enire two poins Umck sorface of
Fig. 7a) will be reduced to three connected lines. To
ovoreome such probleme an additions] consttaim of 2D
topology preservation in the co-onlinate planes passing
through the candidare point is subjected to (he deletion of
thick puints, Such deletable thick poinc are catled
erodable points (see Delinition §). The procedure that
removes undesired thick poinls and produces the proper



1946

*
ey’
!f
1
f/./"/
HiuH
L] 1
d
11 ML
- y.}/{d,
I s
£ f,’.ﬂ;,
iy
i
yf
{at

F K. SAHA eral

() <}

Fip. B Problem of considering G-contowr points for eosion during each iteration, (3) Original ohject. (bt
Skedoron using B-vontour points. {2) Sheloto using sopen, e-open and w-open peinls sepurately for crosinn,

fal

{b} [}

Fig, 8, Froblew ol consduering 26-conmne poiofs for etosiva duringr cech iteratian. (3) Otiaind chiecl th)
Shelelon wsing 26-contour points, o) Skeleton using s-upen, s-open and v-open poiots separately for erosion.

skeleton from a primary sheleion s called final thinning.
‘This i3 a single ilerulion procedurc and the iteration
consists of single scan. Turing this scan a black poinc
P (irrespective o whelher p iy marked or unmarkec) is
deleced if it is an eroduble point. The output of final
thinning lor cormesponding pattem of Fig. 7ia) is shown
in Fig. 7(b) which is properly thinned, Also, final thin-
ning produces similar ihinned culpul for two-poine thick
stanted surfaces [Iike Fig. 7(a)] in different dircotions.

3.4, Shape preservation arousd corners

Inouitively, it iz obvious lhat the quality of skeleton
gels alfected by the sequence n which the poants are
deleted when ouler-layer is dofined on the current vetsion
of the processed image. This problem does not occwr
when the Image before sach current dlerulion 13 consid-
ered to label the onter-laver. [t is already menlionsd that
i1 the proposcd algoritdun the outer-layer, Te. the sel. ol
different open points are labeled before cach current
iterdtion. Even if the outer-layer 1% lahele] belore cach
currenl Herption. it may behave improperly around dil-
ferent corners. For esample, il the sof of G-conrour points
(i black point having a white f-nedghbor belore the

currenl dleration is a G-contowr point) is used as outer
layer then an undesired simation may arise @5 shown in
Fig. & On the alber hand, if the set ol 26-coniour peints
(u black point having a white 26-neighbor before the
current ileration is a 20-contonr poinl) is uscd as onter
Tavar then it produces a proper skelewn for the object of
Fig. Kra) bl fails o produce a desired skeleton for fhe
object of Tig, 9u) [seo big. 9B}, The appreoach ol using
&-0[in poInls, e-open points and w-open points for ero-
slon during each dlerstion in three swccesaive scans as
described in Section 3,1, prduces proper skeletons for
hioth the objects as shown in Tz, 8cmmd Fia. 9c). Lere,
proper skeleton means that he sharpness of mecting
corners of two or more sutfaces ane preserved. Qur
approach is applied on different other oypes of cormers
with difforont angles and rotations and the skeletons are
leurad it gaiisfactory, A guancicative siudy on the
bebavior of the algorthm under rotatien is demonstraced
in Section 5.2

T4 Contour nofic handling

Since noise 5 2 pat of real dife. & geod thinning
algorithm shoutd be robusi encugh o prescrve the shape
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of skeleton under noise. Unfortunately, it is not easy o
distinzuish the noise from an image. We conaider a medel
of poise which consists of adding simple points of the
baclground e the ghjecl, or deleting simiple poinds from
the object. The probatalily o change the bype of a point is
The measure of the noise. Thus, single poiny gprotrosions
or dents on the contour are crealsd as noise in the
proposed model and we ensure that they do not produce
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undesired skeletal parts or branches. The defimtion of
shape point scrves the purpose, Branches arc allowed to
arow only trom the shape points. Conditions 1 and 2 for
shape points stop the creation ol undesieed] branches rom
single poine profrusions or dents. Quor technigue of con-
tour neise handling is supported by experimental resolts
shoown in Tips =13, Also, o quantiative study on the
Behavier of the algorithm wnder psendo-random contoor

e

o

iz, 10, Besulls of thinoiog. (1) Original abject. (h) Skeloton. (ed Arc-skeleton,
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Fig, 10, (Continned},

Fig. 11, Besults of (hineing, Top row (ros Ledl o aght: wiizioal object, skeleten and arc-skelelon, Botom
o {fracn el e btk origimel objec) with oeise, shelelon und arc-skelewn,

noize @5 demoustrated o Section 310 0 s wue  pon-stmple noise points. However, if the neisc encrgy
that ramgdom noise dees net produec only simple  is small, it is likely thar most noise peinis are simple
pints and more involvod distorfion in shape @ possihle. points when our spproach will be very eflective and
Bul it becomes dilleolt o recogniee and ake cure o osedul.
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Fig. 1. Resalez of thinning. Topy eaw (feomn l2ft oo tight aviginal ehicer and skeleton, Bagtam row (feann laft
o rightl: origioal object with noize and skeleion (here, objects and skeletons are shown Trom diffezent angle
o produce o bedler view),

Fig, 13, Eesalls of thinoing, Fop row (oo lell w dehly: oripinel object and skeleton, Bottom row: (from left
Lt Apht)y: oniminal object with noise and skelzrom.

15 AR thinning

Depending on the applications we somelimes nead are
representaticn of an object [eme we present o schemealic
description of the procedure that produces a medial arc
representation of an object from its swface representa-
tion. Lo avoid ambiguity we call this procedore as anc-
thinning. Arc-thinning is also an iterative procedure with
two seps, namely prinuey-arc-thmning aml foal-oare-
thinning. The reaults of these steps are called primary-
sre-sheleton and final-sarc-skeleton, mospecrively, Hero
oo we meinorize wo image versions in the same way
described carlier. At first we put some definitiens in this
context, In the following definitions {4, 4). (&.e) and
(e denoie three distine, wnordersd pairs of oposite
s-poia s ol A7 e,

Definition T, Tring an iteration a black point g is an
s-open-surface potnl 30 the poins o, ela, bph b,
elfr.d, pl, d are all while before the ileradon,

Definfiion 8. During an ilerabion a poinl @ 8 4n e-open-
swiace point it it is oot an s-open-sarface poinl and ar
least one point from each sews o, {ela, & el o pll,
{vlach, o b {elbop), {vibed, @i}, {elbd g,
ele,d, i}, [d] i3 while while cach of the soe
e b, Blabog), G2k e @), Hib.pl, ABibd P,
flbd pl. fldbpil ad {Riaepl. Blacp,

Sl el file pl fled,pl Ale,d pl fold, e, pit con-

tains at least one black point hefore the Teration.

During arc-thinning, the set of g and e-open-surfacs
points defines the outer-layer and they ane lubeled onee
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before each iteration. It mav be noted from the abowve
definitions chat in an #open suface point there s a 6-
path of white points between two oppositc s-points
through another s-point and o case of ¢ open surface
points there is a B-path of white points berween two
opiosite s-points through an e-point. In case of e-open
surlace points he second par of The condition is imposed
Ly preserve the sharpness of comers during thinning
(similar to che reasnns explained for Definitions 2 and 3%

Pefinciion 9. A black point i3 an arc-shape point if it
satisties Condition 1.

Thus, an anc-shage nt is an arc-like shape which is
al least three points elongated. Similar to shape points
arc-shape poinls are also labeled once hetore each ieera-
130,

Definition 10, A black point p is an sre-erodable poini if;
1} cvory middle plane of ANE) conming ol leas. one
currently black point, and (i) @ is a simple point,

AL (he begmimning of gre-thinning all Black pointg are
ummarked Wack points, As the etosion continues some of
the Black pornis are deleted and some are marked. Each
iteration is completed in two scans. Dwing che first scan
an unmarked s-apen-surface peint gz marked if i is an
arc-shape point. Ofherwise. it p is a simple point then it is
deleted else 1t i left unmarked. Dadne the sccomd scan
an unmarked e-open-sorface point is delered if it is a
stmple poinl. Otherwize. the poitt is left wemarked. Final
arc-thinting is a single scan procedure. During this scan a
blawk pevint p (Frrespective of whether it is marked o not)
is deleted i prois an arc-ensdahle point

4, THE FARALLEL THINNING AFPROACH

Tn This section we describe a parallel thinning algo-
rithen based on the approach discussed in Scction 3. As
dizcissed there, some shape and topology constorainls sre
checked to mark or to delete & point. ‘The most Importani
problem faced by a parallzl thinning algerithm is tha twee
points p.g individually satisty the necessary topology
constraints for deleton but if both of them are deleted
together chen the topolugy vonsiminls may e vio-
lated "™ This condition may occur only when pg are
20-adjaccnt. This 32 because the topology conscrainia for
a point @ are defined in its 26-neighborhood A7k only.
S, il Lt poinls pg e oot 26 adiacent  then
ApiMng=d.  AlgNp=up chviously
pitg = To solee this problem e wse the concept
of sub-fields.“"* An image is pattitioncd into sight
disjoint subswets speh that no wo members g in the
same subset ure 20-adjacent. TTence, the members of each
subsel may be used for parallel erosion. Eight subscts
(.60, ... 0y are defined as follows:

=12 % i+ f 2 2okt k]| f k=1,
+ 1,42, if.e ke {0, 1} and 22
wf+2 w2 v h=n i

amcl
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such that two points p.g € ) dare nover 26-adjacont,
Each scan of the thinming slgonthm may be completed
in cight vveles and at Bth cvels the image subset £ is
snbjccted to parzllel crosion. The parallel algeritim
requires /% processors for an image of sizc
o o ke and it needs B cveles to complete each scan,
Here, image size means the size of the smallest rectan
gualar parallelepiped that encloses the set of black points,
It is also possible w implement the algorithn with m®Sn
processors for an integer o and in that case cach scan
requires 87 cvcles instoad of 8, The coneept of sub-[elds
in two-dirocnsional hexagonal tessellation was earhier
proposed by G-l_:u],a}'“ﬂ whime b wewee] thee sub-1elds
cany out onc scan of topology proserving skelelomiza-
tiem. Thiz concepl was luriber stedied by TlafTord and
Proston'™ in three-dimensions] lemdueshedral tessella-
tion. They used six sub-felds to camy ooé one scan of
topelogy proserving skeletonizanon, Whils they sizess on
topelogy prescrrvation and wse only one varson ol ime g
for thinming, we use tao versions of imeaes thal makes o
Lot of improvements in maintaining the shape of skela-
tons. In Scetion 4.1 we bave justifcd the viilicalion of
twio image vorsions in producing a better shape in the
skcloton.

T test the effecivensss of the proposed algomthm ivis
appled on synthetically generiawed 3T objects as showa
in Figs 10011,12 and 13 Tn Figs 11,12 and 135 the hack-
grounel is made dark w render 2 better visual etfect. The
3T whjects in Thgs 10LE]12 and 13 may be enclosed in
mimimum  Tectangular space of size 4400 4] w044,
63 136w 35, 7w 79w ] BL w42 w62,
respectively, Fig, 10 comtains tvpical additive and sub-
(raciive ooises, Tres 13,02 and 13 have T nolseless
and noisy versions, The noise in Figs 11,12 and 13 s
monpryle] in s prendo-random manner while the noise in
Fig. L0 is imparted manwally o incorporate all typical
poesibilitics. Arc-thinning 15 considered on Figs 10 and
11 emly {oeamingiud resull canoot be obtained vy arc-
thinmang or Figs 12 and 13} In Fig. 10 the thinned
surfuce and wrc mepresentations show the desirable shape
despile noise, The surface and arc representations of both
noiseless and neday versions in Fig. 11 as well s the
surface representations in Figs 12 and 13 are visually
RAisFactoIe.

andl

A1 Trilivg o two image versiony

Comgider the fth oyele of cerlain ileration in which the
image subset 4 is nsed for crosion, During the crosion of
ih evele snmo of the points of () will be deleted. Since
(h: pesimts wl 95 ure not 26-adjacent, some widesired local
apikes mav be crearad in the curment image. Now, i the
shape constrainls ure defned on he current image whils
eroding the points of i in the next cycle then un-
desired branclcs may oconr frown the Jovsl spikes created
in the curvent image version. This facl suggests that a
prior version of the image shoull be memoriged o define
the shupe consiraints. TL may be interesting to note that
different open points, shape points ame labeled before
each cwrent itcrarion in the propese thinning approach
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and as a result of this the local spikes in the cwTent Image
dor not atfect the skeleton.

B, SITAPIC ANMALYSES LWIMGR SOSIE AN BEFIATICEN

To study the bebavior of the proposed algorithm under
nise and folation we define a shape distance funcrion for
3D digital objects that will be useful in this context. A
shape distines metric for 30 objects in 7 was proposad
hy Banerjee e af® and Durta Ma_jumdcl'.r:‘” They
considered o subsel A in £ a8 an ohject ift (11 A 18
compact, (2) Tnierior{A) 15 non-em poy and connected, and
(31 ClosgiedTnteriorAly—A4. The shape distance is de-
fined as follows: lec © be the class of all objects in E
which bave the center of ravity at the arigin (0, 0, 0] and
have unil volwme. Any rolation of an object in £* about
the vrigin {4, 0,07 is determined by the corresponding
rolytaom ol the syslem ol axes which is, in oorn, specified
by three angles @, w0 amd 10 in [07, 360°] where @ is the
amgle belwaeen he mew and the old r-axis, 208 the angle
botween the new and the old w-axis and « is the angle
belween the new aodl e old axds, Tel Ag . denole the
rotated form of an object A in O, where §, w oand
dolermmine the newy systoero of gxes. TLis clear that 4., 1=
in . Rotution defines an equivalence relation on ¢, Thia
couivalence relaliom is demoted by # The shape of an
objoet is defined as an equivalenoe cluss meneraled by 3
im0 et 7 he the fammaly of all soch equivalence clusses,
1, ol all shapes, ) 18w disianoe fumction on € soch that
for A, B e,

DA B — Lebs((A — B UE — A},
where Leh, is the Lebespue measure in £ Ag shown in
reference (23), Dy defines a metric on €. £ is a distance

funcrion on ¢ auch that for A 8 o (.

MaiA,B) = .?ﬁ" DA, Bsw ),
f".'\....' ' )

£} i3 a metric on .

llere, we propose a mwdified shape distance function
between two objects in a 312 digical space that may be
wseful for estimation of shape distortion in thinning nonder
noise and rotation. According (o our requicrsment we
restrict ourselves to the assumption that the distance
function is applied on the objects with normalized sice
and rotation.

Defiritien 11. DTy is a distance function between two
points gy —ix;. vy, o boand pa—x;, v1, ) defined as fol-
lowrs:

Dl lprpa) — 'l;" e — ) — v - P (@ )

I¥r) is the Buclidean distance tunction beracon mwo
puints in &,

Dhefinition 12, TIT 15 o distance funciion betwesn a poing
poand a linite ser of poitds § delined as follows:

DTsip.8; = min DT (. ).
gE!
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Dfinition 13, The center of grovity (T, 7,5) of a linitke sl
of points & = {{z;, ¥y, %) [{=0..., 0} i dehood s
follows:

bavie v diax i 2ok

. Y= i =
s L. |51

=
where |5 denotes the number of points in 8.
Definition 14, A posiilon normalized sl ool ) s
derived from « findte sof of points 5 as follows;

nort (S = {lg — ooy - rom 2l v ml S 8]
where {1y, z] 15 the center of gravity of 5

Definiion 15, DTy is a distance function between two
Finite sews of points &) and 52 defined as Tollows:

E.ﬂ-.:nm'rn_ﬁ-_ 1 DTﬁ I-.p‘ n.l;Jl'ﬂ'.I.l:S'_!,_]:]

|51
. E::-;_nn"nj.‘b.'_:]

DT3{85, 8 =

|52

3.4, Shape disiortion under noise

T find shape distortion by a thinning, alporithim ander
prendo-random contowr noise we add random noise on a
Al dipital object according to the model presented in
Secrion 3.4 and then estimate the shape distortion in the
skeleton. Let Sk(X) denote the skeleton of a 30 alject X.
Ler X denore the noigy version of X To find the discortion
of shape in the skeleton under noise we compule
DT.(Sk(¥], Ski¥1). A cowpsrsiive sudy belveen the
percentage ol neise in X and DTL(SkiX], Sk(E]) gives a
yuanbitaiive sense ahonl the robusiness of o thioming
algorithm umder noise, A comparative stody on the
vhijects o Tags T2 amd 135, umder diflerent spcunt
of neise, is shown in Fig 14

8.2, Shape disrortion upder rotarion

Here, we study the shape distortion by the thioning
algorithm under rotation. Ler X ; ., denote the 313 digital
objcet obtained thom a 30 digicad object X by a rtation,
where &, w, v determines the new svstem of axes with the
center of gravity of X as the origin. Let Sk(X], . denote
the retated fonm of Sk{X}, where @, w10 determines (he
new system of axes with the center of pravicy of Sk(X] as
the erigin. Ir is worthy to mencion that |X |, . Is @ eodalion
in digital space while Sk{X); . is a rotation in the
Euclidesn space. To estimate the shape distortion under
rotation. we compute DT (SkiX), .. Sk X]; .00 An
cxperimenial study of shaps distomion on the objects
of Fies 11,12 and 13, under ditferent rotation about the
x-, ¥- umil z-uxes, wre shown i Figs 15-17, respectively

i, DTHCLSEMIN AND CONCLUSION

A niew parallel thinning aleotitho of 300 digital images
withy topulogy and shype preserving properties his boen
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Fig. 14, Shape distorion anelysis wnder pseado modom sontewer noise [or e objects of Figs 11,12 and 13,
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Fig. 15, Shape distortien anavsis oider motation abous the y=axis for the objects of Fige 11,12 and 13

developed in (his paper. To preserve topology we have
appliad the concept of simple paine ¥ Qn the other
hand, the concept of sub-fields”™ has boen wsed for
prmalle] implemenisieom. The coneepls of open puints and
shape poants have been introduced and applied 1o 313
(inoing. The role of open points in producing proper
skeleton around ditfcrent types of comers has been
Juetified. AMsn, the shape poinis are justifed o be robust
wrrfer ooise.

In this paper we have nsed two versions of the image—
onc bofore the current iteration whils the other being Lhe
currently processed image, The necessily of oo image
versicms in parallel thinning has been justitied. This
concept has made a mapor improvement in the gquality
of thinned mage. The resulte of application of the
paralle] thinming algonithm on several synthehically sen-
erated 30 objects and their noisy versions have been
prescoted. We have alse desedbed an algonthon tha
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Fig. 17, Shape distomion snalysis under rotation aboul the z-axis for e objects of Figs 11,12 and 13,

produces a medial arc represencation of an obfect from its
sutlace representation,

In the ldersture of 3T thioning there are enough
publications 55 U1 whape the topology preservation
iz ensured during thinning, Shape preservation has
received loss attrotion, espocially in noisy images. Tn
practce, the shape of a skeleton ges distoned under
noise and rotation. The distortion, among others, char-
acterizes the goodness of an algonithm, To estimeale the

degmee of distorion we bave used the concept of shapo
distanes. The robusiness of our aleorthm under paewdo-
randoan contour noise and rotaton bas been studied and
presented with cxumples, Boeeawse of digiial natume of tha
image space, 4 shaps may be diswried under roacion
which 15 atso reflected in the skeleton. A pant of the
skeeleral distortion shown in Figs 15,16 and 17 is hocause
af this resson. Tt 15 understood from Fgs 15,16 und 17
thul #hape distortion is maximoam for a rotation around
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. which is quite expecied. Alse, for this thinning

algovithm the shape dishortion increases more or Iess
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Miafe, Tededl 16CL00, [0E8 1032 {1954,

; e, S 1L B E. Sabw and B B, Chagdhud, Simpls point compucation
linearly with the percentage ol noise, und 3-I» thinoing with parallzl implomentation, Technical
Kepor. FPR/RBOS1MY, NORBCS, Nibacy, Indiau
Ackwrapladg ey We are thookiel w the unoamed referes Statistical Institong, Colouic, Imlia (1993,
for hisfher constructive comments which helped us o improve 120 5, N, Sritard, Representatbon of three-dimensional digital
1his paper. irnzgres, ACH Comput Swoveps 130 KIN=121 (19811
14 1 L 'loriwaki, 5. Yokoi, T. Yonckura and T, Fukumura,
Tapalegical propedies and opology presersing dansfor-
BUFERERCES wistien of 2 Jmee-dimmensenul binary pictore. i Paac.
Sixth Int. Confl en Parery Recogaition, pp. 414319
L B E Saho wnd B. B Cheudhori, 30 Digital topology {19RT

!,-\.'!

10

fi.

wancder hinary cransfocoation with applicsdions, OV
Toeoge Unclerstcnding 63350, 418429 (1996).
5 N Sohem. N K. Uduepa und M. Yaw Uncderstanding the

P K. Saha and B. B. Choudhur, Detection of 3-I simple
printe for topnlagy  presoiving  transfarmations with

About the Aothor

14,

T L Tsuo aml K. 5 To, A parstlel thinning algorithm for
A pictures, Comput. Girapkics feaage Procass. 17, 315
231 (1901},

bin of parts, in Proc. far Cond o Celbarnenios aid Sociefy, I3, ¥, F Tsao and K. 8. Fu, A 3D parallel skeletonwize
Denver, Colorade, pp. 44- 42 (1979, inning alporithmo, o Proc JEEE PRIP Conf, pr. 675

G M Mo, Oo owepology presecvation o 30 thinning, GRS (1982).

LV fmage Understanding 59, 32339 (10043, 16, M. ) F, Golay, Hezagonal parallel pattecn traosformations,

- K. I Hafford and K. Prestoa,  Jr Theee <Jimenzional JEEE Trens, Ciwpedd. C-1B, T35-740 (1969,
skeletonigation of elonguied solids, Cempur. Visten 170 N, )0 Naccuche mnd K. Shingal, SPTA: A poposed
raphics image Frocess 27, 7591 (1964). glgorithm tor chinning hirary patterns, JEEF Trons,

- 5 Lowegr, W Yorheok and B A Grocn, Theeeo Syxteany Mun Cvbemet. SHIC-14, 405 413 (19841
dimensional skeletonization: Principle and alporithen, 18, C. ML Ma, Topology preservelion on 30 images. it Froc
IEEE Traws, FPottern Analvsis Mook, Ievell. PAMI-2, 75— SPE Conf on Viddon (eomerry, Boston, Masszchuscers
(R, P13y,

. (i Morgeathaler, Thrco-dimensional simple points: 190 L. Zusne, Visw! Percepiion of Formy. Academic Press,
Serizl aornsinn, parallel fioning and  skeletonicatioo. Mew Yurk (19700,

Technical Bepont TR- 1003, Computer ¥ision Laboraory, 200 1. Avmesve, Application of feforieation Theors o
Universicy of Marvland (19811, Frychologv, Holt, Mew York (1959,

L Mukheegee, FOF Das and B N, Chartegess, Thinowg of - 210 T Y Roug and A Boesoleld.  Dipilal opalosy:
A dmages wsiog (he safe poinl thimning  alroricthm Liroduction and survey, Comput. Viden Graphics fmage
(EPTA Y Mattern Kecogniton Lerr. T, THT=173 {1950}, Process 48, 337-303 [1959).

. KL Baha, B Chanda and T3 ioma Majumder, Principles 220 BK. saha and B. B Chandbngd, A wew appeotch of
and algerithins for 20 and A0 shrinking, Technical Repart computieg Fuler charactecistic, Fattern Recognition
TRARBCS/Z0L, MK B CS Libouy, Indiwe Staitsticul IB{ 12, 1935 1963 (1995,

Lostittke, Caloulia, ndia (19975, 23, D0 K. Banerjee, 5. K. Parui end 10120 Majomder, A shape

. P K, Rahs, R, B. Chandhuri, B, Chanda and Tk I, metric for 3 objects, fadime 1 Pore Appl, Mark, 251020,
Magomwior,  Topology pressevation o 3D digilal apace, 95 11 (JanuuyPebruary 1954,

Mattern Recognitios 27020, 205300 (19494), 24, 1. Dot Majomder, ‘The Indian KBUSAAGUS procramme

and some applications of pertom recognition and compater
vigien, FE(TF CP T4 (Movembear 1993,

PUNAM KEUMAR SAILA obtained his Bachelors and Masiers degpres in Compuler

Science and Enrineennoy [om Yaduvpir Universily o 1987 and 1989 respectively. Tle joinsd Dlecinomics and
Compater Sciences Unic, Indian Statisceal Insticate, a5 @ Senior Rescarch Fellow in 1%8% where he is presently
working 8z a faculty memhber. His area of vescarch interest includes threc-dimensional digical topmlogy and its
applicaiions W Image provessiny anf compuler visiow, actal peconetry aod scule spoce aoalysis, [T Lis
cornmunicatedpublizhed several papers io repuied journals, He has ceceived Fowny Sciemics! award from the
Indian Science Congress Associvtcon [or bes: Computer Science orenied work “A New 'Lhinning amd
Sepmentation Approsch for 30 Pigital Images™ in 196, He is s member of Intematinnal Asseciadon of Pattern
Recagnition (TAPR},

Ahout the Anthoar-—E, B, CHAUDHLURL received his B.Sc. {Hons), B Tech, and B lTech. degrees from
Calewrta Toniversitse, Tndia, in 1803, 1972 and 1974 respoctively and PhT) degroe from Indisan Tnstituoe of
Technologr, Kanpur, in 1980, He joincd Indian Statiscical Inscitute in 1978 where he served o= the Project Co-
oritinator and Head of Narional Modal Ceneer S Knowledge Based Computing. Currencly, he 35 the head of
Computer ¥ision and Tattern Recopnition Unit of the instinee. His reacarch interests include Pattern
Recognition, Tmage Processing, Computer Vision, MNamral Tanguage Frocessing and Thgicl Document
Processing incloding QOUTR. He has published mare than 130 rescarch papaers in repated Intemational Jaurnals
aned s anthored @ book entitled Tivo Tone Tocge Processicng ond Recogrition (Wiley Fastern, 1903}, Hoe was
awarded Ve L O Boie Mekoria! Awand for best Engincering Scienac oviented paper publishod in JIETR in 1986
and AN ok Memeprin! Aweodd Crviee) for Test application aricneed rescarch published in 1939 and 1991, In
1982, he wan the prestigions Homi Bhalda Fellovskip for working on CTR ot the Indian Languages and
compuice communications foo the blind, He bas been selectad for the Horf Qe Asfivee Preric Dy Vikram
Servcebbud Reserpnfe Avodd [or the YL 1985 Lo B achicicnssnts o the Ficlds of Bloctronics, Infarmardcs and
Telematics, Also, he received O Achwta Menon Prize in 1990 Tor his work on compntational lingnisties and
wtivrad lanpuage processine. Ay o Leverhulme: Visiting Fellow, be wotked al Queen’s University, TRE Also, he
worked ax u Visiting Facolty Member wl OS50, Mupich, and Guest Scientisl ab the Teclhomical Tniversily of



A new shope preserving pacallel thinning algorithm [or 31 digital Images

Hannover doring 1986-88 and again in 199041, He is o Senior member of TEEE, member secretary (Indisn
secliont of Intematinnal Academy of Sviences, Fellow of Mationsl Academy of Scviences (Idia), Fellowr of the
Indian Satfomal Academy of FEngincering. He Bs serving as o Assoclafe Fditor of the jourmals Pattern
Recogrition and Vivek us well as Guest Editor of a special issue of fournal IETE on Puzzy Siystemns,

About the Aullior - DWIIESH DUTTA MATUMIEPER obtuined his M5, (Tech,) degree in Radio Pharsics and
Electronics and PhoLY. in Dl Conpoters’ Memors Technology i 1955 and 1962, respectvely, [ Calenfta,
University, Since 1935, he has been working in Indian Statistical Institute in ditferent cupacities aod was
Prafessor and ITead of Electronics and Communicution Sciewces Tuir for 20 years. o 19592, Profossor Dulls
Majumder was mads Professor Emeritus of 151, Fmeritus Seientist uf CSIR. TTe is the author of more than 2400
research papers in intemational journals ond confaenee proceedings and iy the authorfeditor of six beols all
published by John Wilsy and Sons i the aress of memay lechoology, patten recogaition, man-muchine
communication, imuge processing, computar vision, artificial intellipence, expent svilems, cybecnetics sysiems
theary, dam communicaion, neur] muedeling aod fozzy matheaatics. Professor Dulla Mejumder visited wnd
deliversd series of lecurns an bis work in some of e abeve mentioned subjects inlargs nomber of Lnivemsities
and Industrial Lobs in U5, A, TR, Tapan and Forope a5 & Guest Professor several times, He is 2 member of the
cditorial howrds of Palern Becopnilion Letmess (PR, Image Proocssing and Cemmnnications (TPCs, Twdiare
Touenal af Pure and Applied Mathemalics (LEAM). The Joumal of Fuzzy Mathematics and 35 the consulting
editor of the Jommal of Compoter Division of the Institution of Engineers {Tndia). Prefescor Dutta Majumder is a
Fellow of Interwaional Asseciation of Pattern Recogmition, ndiun Nebea] Science Academy, Indiaa Nations]
Academny of Engineering, The National Academy of Scicnces, Computer Society of India end Institotion of
Eiectranics and Telecommunication Cogineess. awd i & meaber of te goveming Board of |APR, Director of the
World Organisation of Cyhometics and Swvatemns, Presdents of Tnlian Sociewr of Fozzy Mathomatics znd
Information Processing (ISFUBATF) and Tndian Association for Pattern Recopnitien sod Anifcisl Intelligence
(IADPTAT), He is recipiont of Sir 1 G Bose Swad of IPTE, Sir C. V. Baman Award of ASIL Norhert, Wicner
Aeurd of WOSC, B, L, Wadhwa Ciold Medal of IETE, P C. Muhalanobis Gold Medal of INSA and several other
hmrs snd aweands.

1955



	A new shape preserving-1.jpg
	A new shape preserving-2.jpg
	A new shape preserving-3.jpg
	A new shape preserving-4.jpg
	A new shape preserving-5.jpg
	A new shape preserving-6.jpg
	A new shape preserving-7.jpg
	A new shape preserving-8.jpg
	A new shape preserving-9.jpg
	A new shape preserving-10.jpg
	A new shape preserving-11.jpg
	A new shape preserving-12.jpg
	A new shape preserving-13.jpg
	A new shape preserving-14.jpg
	A new shape preserving-15.jpg
	A new shape preserving-16.jpg
	A new shape preserving-17.jpg

